Lipopolysaccharides (LPS), also known as endotoxins, are common constituents of the outer membranes of gramnegative bacteria and represent major surface antigens (24, 37) . During infection or when administered to susceptible organisms (including humans), LPS may elicit a wide spectrum of toxic effects, such as fever, hypotension, disseminated intravascular coagulation, multiple organ failure, and shock (11, 15) . Exposure of mononuclear cells to LPS leads to the formation and release of hormonelike mediators, e.g., tumor necrosis factor and interleukin-1, which in turn may induce many of the endotoxic effects (16) . Thus, it has been suggested that LPS are responsible for several pathophysiological events associated with gram-negative infection (11, 15, 37) .
The Limulus amebocyte lysate (LAL) test, in which free endotoxins activate the clotting cascade in an amebocyte lysate of the horseshoe crab, Limulus polyphemus (10) , is the most commonly used method for determining LPS concentrations (30) . The LAL test has been found useful for detecting bacteriuria (21) and meningitis (5) caused by gramnegative bacteria. The specificity of the assay has been found to be limited depending upon the sample matrix, however, and the occurrence of false-negative results has been reported (36) . Plasma samples are usually diluted and heated before analysis to avoid this problem (32) . Falsepositive results may also be obtained because of activation of the test by microbial substances other than LPS (23, 38) .
Generally, LPS comprise a lipid part, lipid A, and a polysaccharide part (24) . Lipid A, responsible for the endotoxic effects of LPS (37) , contains 3-hydroxy fatty acids; it has been suggested that these fatty acids are specific markers of LPS (13, 14) . Maitra et al. (13) successfully used gas chromatography (GC) with mass spectrometry (MS) to de-* Corresponding author. tect these substances in cerebrospinal fluid from patients with meningitis caused by gram-negative bacteria. As an alternative to GC-MS, we recently introduced the use of two-dimensional (column-switching) GC with electron-capture detection (ECD) (9, 28) , a system providing almost as high a degree of sensitivity as GC-MS but at a considerably lower cost for routine use. In this study, this technique was used to measure LPS in peritoneal fluid and plasma from rats with induced peritonitis. For comparison, the LAL test was also performed on the peritoneal fluid samples. It is shown that the GC-ECD method allows determination of both LAL-active and LAL-inactive LPS. Samples for LPS analysis were centrifuged for 10 min at 1,000 x g, after which the pellets were discharged. The supernatant and plasma samples were stored at -20°C until analysis.
MATERIALS AND METHODS
LPS standard curve, precision, and recovery studies. A standard curve in the range from 10 to 10,000 ng was constructed from the results of GC-ECD analysis of 1 ml of peritoneal fluid with E. coli 055:B5 LPS added. The precision of the method was studied by analyzing five samples each of peritoneal fluid (1 ml) from control rats and human plasma (1 ml) spiked with 100 ng of LPS. Recovery was calculated by comparing the yield with that obtained in the analysis of 100 ng of LPS standard in 1-ml water samples.
The 3-OH-C140 Ocontent in the LPS standard was determined by GC-flame-ionization detection by using the trifluoroacetyl-methyl ester method (2) with C19.0 as an internal standard.
In vitro incubation of E. coli with bile salts. A suspension of 3 x 108 CFU of E. coli serotype 046:K1:H31 (human isolate) per ml was used. Each sample was washed three times in phosphate-buffered saline, suspended in 2 ml of phosphatebuffered saline containing various bile salts at concentrations of 10 and 100 mM (n = 2), and incubated for 1 h at 37°C. For comparison, two samples were incubated in phosphatebuffered saline without bile salts. The specimens were centrifuged at 1,000 x g for 10 min, and the supernatants were removed for determination of LPS concentrations by the trifluoroacetyl-methyl ester method.
Sample preparation for GC-ECD. (i) Hydrolysis. Each sample of peritoneal fluid and plasma (about 0.5 to 1 ml) was thawed and transferred to a glass tube. The original sampling tube was rinsed with an equal volume of 8 M hydrochloric acid, and then its contents were combined to form a solution of approximately 4 M hydrochloric acid. The sample was heated at 110°C for 4 h and allowed to cool, and then 1 ml of saturated sodium chloride solution, 2 ml of chloroform, and 35 ng of 3-OH-C16:0 (internal standard, dissolved in chloroform) were added. The tube was shaken and centrifuged (1,000 x g), and then the organic phase was transferred to a new tube and evaporated in a desiccator under reduced pressure (28) . The sample was heated in 1 ml of 4 M methanolic hydrochloric acid at 100°C for 18 h (29). After cooling, 1 ml of aqueous saturated sodium chloride solution and 2 ml of hexane were added. The mixture was shaken and centrifuged, and the hexane phase was transferred to a new tube and evaporated. The residue was redissolved in 1 ml of dichloromethane-hexane (1:1, vol/vol) and applied to a disposable silica column.
In order to minimize sample background distortion in the GC-ECD analyses and to evaluate the yield of 3-hydroxymyristic acid released from LPS, samples of standard E. coli LPS (100 ,ug) in human plasma (1 ml) were subjected to hydrolysis by two additional methods. Thus, freeze-dried samples were heated both in 1 ml of methanolic (methanolwater, 1:1, vol/vol) sodium hydroxide (15%, wt/wt) at 80°C for 1 h (8) and in 2 M methanolic hydrochloric acid at 85°C for 18 h (2).
(ài) Silica column isolation. Hydroxylated fatty acid methyl esters were enriched by the Jantzen method (unpublished data) as follows. Prior to use, the silica columns (1 ml; Bond Elut; Analytichem, Harbour City, Calif.) were washed with 3 column volumes of diethyl ether followed by 3 volumes of dichloromethane-hexane (1:1, vol/vol). The methyl ester preparations were applied quantitatively to the column, which was then washed with 2 volumes of dichloromethanehexane (1:1, vol/vol). The hydroxy fatty acid methyl esters were eluted with 1.5 volumes of diethyl ether, and the solvent was evaporated. The yield of 3-hydroxy fatty acids in this step was calculated by analyzing standard solutions of 5 tg each of 3-OH-C14.0 and 3-OH-C16o: as trifluoroacetylmethyl esters by GC-flame-ionization detection, with C19.O as an internal standard.
(iii) Derivatization. Each isolate was dried by evaporation after the addition of 0.2 ml of dichloromethane. Preparation of the 3-O-pentafluorobenzoyl methyl ester derivatives was as previously described (29) . The final preparations were dissolved in heptane prior to analysis.
GC-flame-ionization detection. A gas chromatograph (model 4160; Carlo Erba, Rodano, Italy) equipped with a flameionization detector, an all-glass injection system, and a fused-silica capillary column (length, 30 m; inside diameter, 0.32 mm) coated with cross-linked SE-52 (film thickness, 0.2 ,um) (J & W, Folsom, Calif.) was used to determine the amount of 3-OH-C140 in the E. coli LPS standard, the yield of 3-hydroxy fatty acids in the hydrolysis and the silica column steps, and the amounts of LPS in the in vitro studies. The temperature data and gas flow rates were the same as those previously described (29) .
GC-ECD. A gas chromatograph (model 3700; Varian, Los Altos, Calif.) equipped with a 63Ni ECD operating in the frequency-pulsed mode and with a multiple switching intelligent controller column-switching system (Chrompack, Middelburg, The Netherlands) was used for the measurement of LPS in the peritoneal fluid and plasma samples. The columns, temperatures, and gas flow rates were the same as those previously described (29) .
Some of the peritoneal fluid and plasma samples were also analyzed with negative-ion chemical ionization GC-MS, as described previously (27, 29) , to confirm the identities of 3-OH-Cj4:0 and 3-OH-C16o:. LAL assay. A chromogenic LAL assay (Coatest endotoxin kit; Kabivitrum, Molndal, Sweden) (6) was performed on peritoneal fluid samples. The thawed samples were diluted 10- 
a Means and ranges are in nanograms per milliliter. CV, Coefficient of variation.
RESULTS GC-ECD method. The two-step hydrolysis method was found to give a higher yield of 3-OH-C140Oin plasma spiked with the LPS standard than did methanolysis with 2 M hydrochloric acid or alkaline hydrolysis of freeze-dried samples (recovery, 79 + 9% and 58 + 3%, respectively, compared with the two-step method). The use of 2 M methanolic hydrochloric acid has been found to be insufficient to quantitatively release amide-linked 3-hydroxy fatty acids of LPS (3), and the alkaline method liberates only ester-linked acids (8) . The method used was rapid since no lyophilization of the samples was needed, and it gave lower background distortion in the GC-ECD analysis than did the other hydrolysis methods.
The use of silica columns prior to pentafluorobenzoyl derivatization for isolation of the 3-hydroxy fatty acid methyl esters reduced sample background distortion considerably. The recovery and precision were 98.7 ± 6.9% (3-OH-C144:) and 98.2 ± 4.3% (3-OH-C16:o) (n = 5), respectively.
A linear standard curve with the equation y = 0.059x + 2.55 x 10-4 (r = 0.91) was obtained in the range from 10 to 10,000 ng for E. coli LPS-spiked control peritoneal fluid samples, and the detection limit was 3 ng/ml (signal-to-noise ratio, 3:1). This detection limit, six times lower than that previously reported (28), was made possible by the use of a new electron-capture detector cell. The yield of LPS in spiked (100 ng/ml) peritoneal fluid samples was 94.3 ± 4.9%, and the yield in plasma was 89.05 ± 6.44% (n = 5).
In vitro release of E. coli LPS by bile salts. Incubation of the E. coli suspension with cholic and deoxycholic acids resulted in enhanced release of LPS, compared with the E. coli control. However, the other bile acid studied, chenodeoxycholic acid, did not show a similar effect. Recoveries of LPS were identical for 10 and 100 mM cholic acid and 100 mM deoxycholic acid but lower for 10 mM deoxycholic acid.
Peritoneal fluid and plasma samples. LPS concentrations were determined for the peritoneal fluid samples by both the LAL assay and GC-ECD, but for the plasma samples, the concentrations were determined by GC-ECD only. Quantitative cultures were made of both peritoneal fluid and blood samples. The results are summarized in Table 1 .
Bacterial counts in peritoneal fluid cultures decreased in both E. coli peritonitis and E. coli plus bile peritonitis samples during the first 2 h after intraperitoneal injection of E. coli, after which the patterns diverged, the count continuing to decrease in E. coli peritonitis samples but increasing markedly in E. coli plus bile peritonitis samples. According to the LAL assay, the levels of LPS in E. coli peritonitis samples decreased from 150 ng/ml at 0.5 h to below 30 ng/ml thereafter (Fig. 1A) . In E. coli plus bile peritonitis samples, the concentrations of LAL-active LPS first increased slowly (from 60 ng at 0.5 h to 170 ng at 4 h) and then dramatically (to 4,300 ng/ml at 10 h) (Fig. 1A) . The GC-ECD method gave different results; the concentrations of LPS in both E. coli peritonitis and E. coli plus bile peritonitis samples increased from 0.5 h to a maximum at 1 h, decreased to a minimum at 4 h, and thereafter increased slightly (Fig. 1B) . The LPS concentrations in E. coli plus bile peritonitis samples were significantly larger (P < 0.01) than those in E. coli peritonitis samples at all times, except at 0.5 h in the LAL assay ( Fig.  1A and B) . The coefficients of variation in the GC-ECD results were 20 to 60%, except for the 10-h samples, for which they exceeded 100%. For the LAL assay, the varia- In plasma, bacteremia in E. coli peritonitis samples was demonstrated only at 0.5 and 1 h after the intraperitoneal injection. In E. coli plus bile peritonitis samples, E. coli was isolated from blood at all times, except at 4 h after injection, and the number of bacteria cultured at 10 h was significantly greater (P < 0.01). According to GC-ECD, the levels of LPS were below the detection limit in E. coli peritonitis samples at 0.5 h, increasing to approximately 1,700 ng/ml at 1 h, whereafter they rapidly decreased to 60 ng at 4 and 10 h ( Table 1 ). The concentration of LPS was significantly higher in E. coli plus bile peritonitis samples than in E. coli Total ion peritonitis samples at all times (P < 0.001), except at 1 h (P < 0.05), the pattern being the same as that in the peritoneal fluid samples (i.e., maximum LPS concentration at 1 h) (Fig.  4) . The coefficients of variation (at each sampling) were between 20 and 80%. LPS values in the controls were below the detection limit. More detailed information of the bacterial culture results are provided by Andersson et al. (Acta Chir. Scand., in press).
DISCUSSION
The outer membranes of gram-negative bacteria are made up of a macromolecule complex of LPS, phospholipids, and proteins in close association stabilized by the presence of divalent cations (34) . Removal of the cations with chelators results in the release of cellular LPS because of disorganization of the outer membrane (11) . Although LPS are released from the membrane at cell lysis, the release of LPS assay is very sensitive (detection limit, <1 pg/ml) (6) and has Hours been successfully used to detect gram-negative bacteria in cerebrospinal fluid (5) and urine samples (21) . In the phar-LPS determined with GC-ECD in arterial plasma in E. maceutical industry, it is in widespread use for the assay of pyrogens, since a good correlation between LAL results and pyrogenicity of LPS exists (31) . However, the LAL test has ccur from growing cells without disintegration of been found to be a less valid measure of other endotoxic elf (15, 22) . The outer membrane forms a barrier properties of lipid A (31), and its specificity may be limited, ents harmful to the cell, such as detergents and bile since microbial components other than LPS also may acti-
In the in vitro study of bile acids added to the E.
vate the test (23, 38) . Inactivation by the presence of, e.g., nsion, the presence of cholic and deoxycholic electrolytes and hormones must also be considered (36) . (13) were unable to detect LPS in hemodialyzer rinses LPS (11). In serum, lipoproteins rapidly form which were LAL assay positive but nonpyrogenic in the with LPS, such complexed LPS having markedly USP rabbit pyrogen test. As GC methods detect LPS in both ty than unbound LPS (18, 33) . It is known that the a free (toxic) and a bound (masked toxicity) state with equal environment of lipid A affects the activation of the sensitivity, it should be possible to determine LPS bound to cascade in the horseshoe crab amebocyte lysate lipoproteins after isolation of the complexes without using *agments of outer membrane, lipid A is to some radioactive markers and to analyze LPS in phagocytosed accessible to the Limulus enzyme and thus is gram-negative cells after isolation of the macrophages. Bethe LAL assay (19, 20) . The inactivation of LPS cause of its low cost, two-dimensional GC-ECD may be a and serum in the LAL assay is mainly due to the resource available for analytical microbial laboratories as an of LPS-lipoprotein complexes (35) which mask the alternative technique for the determination of LPS and other )iety (11 
